Abstract-This paper presents the study of an artificial material, made up of a periodic structure, defined by a unit cell, consisting of a finite number N of periodic layers of thin conducting cylinders placed between two dielectric planes. These artificial materials known as metamaterials can be regarded as a homogeneous material with effective constitutive parameters impossible to achieve with naturally occurring materials, such as negative values for both magnetic permeability and electric permittivity. An analytical model has been developed to study the effective electric permittivity of the whole system in terms of the unit cell dimensions and the frequency of the incident electromagnetic wave. Simulations of the effective electric permittivity of the metamaterial were performed by varying the geometry of the metamaterial. This analysis enables the design and construction of structures with properties that make them an attractive candidate for shielding applications in the range of microwave frequencies. The metamaterial has been constructed with four rows of 5 bronze conducting rods each. We have made experimental measurements of the shielding effectiveness of these materials when subjected to a electromagnetic plane wave with electric field polarized along the direction of the conducting rods, and conversely, with electric field polarized perpendicular to the rods. Non-zero values for shielding effectiveness were observed in the first polarization, and zero values in the second case.
INTRODUCTION
The first attempt to explore the concept of artificial materials and chiral media was made by Jagadis Chunder Bose with his microwave experiments in 1898. In 1914, Lindman worked on artificial chiral media, which consisted of metallic helix in a dielectric [1] . In 1948, Kock made lightweight microwave lenses from a set of conducting spheres, disks, and strips periodically arranged, adjusting the effective refracting index of the artificial material [4, 5] .
In 1967, Viktor Veselago [6] proposed the existence of substances which support electromagnetic propagation where the electric field vector E, the magnetic field vector H, and the propagation vector form a left-handed (LH) triplet, as compared to conventional materials, which form right-handed (RH) triplet.
It was almost 30 years after Veselago's paper when the first LH material was conceived and experimentally demonstrated. These LH materials are not natural as Veselago imagined, but have an effective homogeneous structure, as Smith and other researchers have proposed [1] .
This structure was inspired by the pioneering works of Pendry at Imperial College, London. Pendry introduced the plasmonic-type negative-positive-μ and positive-negative-μ structures which can be designed to have their plasmonic frequency in the microwave range [2] .
These materials known as metamaterials consist of periodic structures defined by a unit cell of a characteristic size. Applying the quasi-static approximation, the cell size for the system's effective response to electromagnetic radiation is [3, 7, 8] :
where f is the electromagnetic wave frequency, c 0 the light velocity in vacuum, and a the characteristic cell size. In other words, the spatial size of this cell must be small compared to the wavelength of the electromagnetic field which is propagating [8] .
As the wavelength of the radiation is much larger than the cell unit length, this radiation is unable to detect the internal structure, and at this point, these artificial materials can be regarded as a homogeneous material with effective constitutive parameters [7] which will depend upon the contents of the cell.
Metamaterials have a wide range of potential applications in the optical and microwave field, such as new types of modulation systems, transition frequency band filters, microwave couplers, absorbers, antennas, and electromagnetic wave shielding [12, 14, 15] .
The plane-wave shielding effectiveness of a planar-mesh screen and its applicability to the measurement of mesh properties has been carried out in [9] .
The analysis of the effective permittivity of the metamaterial developed in this work considers the work of Pendry [8] , in which the average magnetic and electric fields are defined, and the effective permeability of the metamaterials screen is obtained.
The shielding performance of a planar metamaterial wire medium screen under plane-wave illumination in the low frequency range with the electric field polarized along the wire direction has been studied in [13] .
This artificial material (metamaterial) can offer advantages over conventional metallic screens used for electromagnetic wave shielding purposes, given its low density and weight saving, when a polarized uniform plane wave propagates along the material, possibly showing other selective properties [13] .
THE EFFECTIVE ELECTRIC PERMITTIVITY MODEL OF THE WSM METAMATERIAL (WIRE SCREEN METAMATERIAL)
The WSM system made by array of cylindrical conductors placed between two insulating plates separated by a distance d was considered as a capacitor subjected to the external electric field ( − → E ) parallel to the rods axis (z axis) as shown in Fig. 1 . The contents of the cell will define the system's effective response as a whole:
where − → D is the electric displacement vector, − → E the electric field vector of the incident wave, and eff the effective electric permittivity.
The relationship between the electric displacement − → D , the electric field vector − → E and the polarization inside a medium − → P [19] is:
In this case:
where − → J is the current density flowing through the conducting wires and ω the angular frequency of the electromagnetic wave.
where a is the characteristic size of the system and I the electric current flowing through the conductors. Considering the unit cell's inductance per unit length L, including the mutual coupling between conductors, and taking into account that conductors have electric losses due to Joule heating:.
where Z int is the internal impedance of the cylindrical conductors. Solving for I of Eq. (6) and replacing it in Eq. (5):
The effective electric permittivity of the metamaterial results:
Admitting that there is a series capacitance of the system owing to the cylindrical conductors, since most systems are resonant due to an internal inductance and a capacitance [8] , a term is added to the effective relative electric permittivity:
where C is the capacitance of the system.
With:
where I 0 and I 1 are Bessel functions; γ is propagation constant; σ, and μ are the electric and magnetic properties of the conducting wire.
where r 0 is the radius of the conducting wires.
In the appendixes, the inductance L and the conductors impedance Z int are calculated. A simulation of the effective permittivity of the metamaterial as a function of frequency was performed for different conductors' radii and cell sizes applying the previous model of Eq. (9) to determine the convenient geometry for the fabrication of the prototype according to its resonance frequency in microwave band of frequency [16] . In Appendix C, some of these simulations are shown.
The real part of the effective electrical permittivity as a function of frequency for the metamaterial builded can be observed in Fig. 2 ; the conducting cylinders have a radius r 0 = 2 mm, and the cell size is a = 30 mm, σ = 10 7 S/cm, μ = 4π10 −7 H/m. In this work, a capacity of value C = 0.5 · 10 −13 F has been assumed, due to the location of the peak that was obtained in previous simulation of electric permittivity work by the authors [16] and experimentally in the shielding effectiveness measurements that were performed on prototypes with aggregates of capacitors in previous works [17] .
A Savitzky-Golay method [11, 10] , with 6 computed points and a polynomial of degree 2 of approximation was used in the graph of Fig. 2 . The Savitzky-Golay method is based on the calculation of a local polynomial regression (of degree k), with at least k + 1 equally spaced points, to determine the new value for each point. The result will be a function similar to the input data, but smoothed. The main advantage of this approximation is that it tends to preserve the features of the initial distribution such as relative maxima and minima, and peaks width, which are generally flattened by other averaging techniques (like moving averages). This simulation of the permittivity will be used in the next sections for a simple design of an efficient WSM. This permittivity is important for the shielding efficiency (SE), and in work [13] an approximation is proposed for the expression of the SE of a planar screen using permittivity models, in which it is observed that the frequency range of interest for a better SE is that in which r < 0 and | r | 1. This work only uses the permittivity simulation to locate the resonance frequency and the frequency range of interest for the shielding efficiency.
SHIELDING EFFECTIVENESS
A shielding is, conceptually, a barrier to the transmission of electromagnetic fields. Shieldings are chosen for their physical properties (temperature resistance, weather resistance, structural resistance, weight, cost, etc.), as well as for their electric permittivity and magnetic permeability. Permittivity is a measure of the material's effect over the electric field of the electromagnetic wave, while permeability is a measure of the material's effect over the magnetic field.
When an electromagnetic plane wave is incident on a material, as shown in Fig. 3 , a part of the incident wave is reflected, and the other part is transmitted along the material [18, 20, 23] .
As well known, the shielding effectiveness (SE) is calculated as the ratio of the magnitude of the electric field that is incident on the material to the magnitude of the electric field that is transmitted through the material.
EXPERIMENTAL PROCEDURE
A wire screen metamaterial has been built by an array of 4 rows of 5 bronze cylinders, each of 2 millimeters radius and spaced a distance of 30 millimeters located between two dielectric planes perpendicular to the conductors. The test bench is shown in Fig. 4 and made up of two LOG periodic antennas, for range of frequency: 800-3899 MHz, connected to an Agilent Field Fox N9932A vector network analyzer.
The antennas used for measurement and the network analyzer used are shown in Fig. 5 . A plane wave is emitted through the transmitting antenna, and the distance between the antenna and the metamaterial corresponds to the far-field approximation r > 2D 2 λ [24, 25] . The distance between the transmitting antenna and the metamaterial and between the metamaterial and the receiving antenna was r = 48 cm, and the larger dimension of the transmitting antenna was D = 14 cm.
The metamaterial's shield effectiveness measurement consists of sending a plane wave along the material for each bandwidth and measuring its response. Power from a transmitter is coupled to a receiver, first with no material present in order to establish a reference level, and then with the sample introduced. In each case, the source output level is kept the same. The ratio of the two received powers gives the insertion loss [26] .
We measured the S 21 coefficients, the forward transmission coefficients of the scattering matrix for a two-port network (expressed in dB). The difference between the S 21 coefficients with and without metamaterial is as a result of the shielding effectiveness (SE).
Measurements were made with the electric field polarized in the direction parallel to the axis of the cylinders, i.e., on the z axis and also with the electric field polarized in the direction of the y axis, perpendicular to the axis of the cylinders as seen in Fig. 6(a) and Fig. 6(b) , respectively. The calibration of the network analyzer is important in order to ensure a reliable measurement [21, 22] . Fig. 7 shows the shielding effectiveness for the metamaterial under test, with the application of an electromagnetic plane wave with electric field polarized along the direction of the z axis, parallel to the cylinders axis, at a frequency range of 1000-3000 MHz. A significant shielding effectiveness is observed for the metamaterial across the entire bandwidth. Fig. 8 shows the shielding effectiveness for the metamaterial under test, with the application of an electromagnetic plane wave with electric field polarized along the direction of the z axis, parallel to the cylinders axis, at a frequency range of 1000 to 1500 MHz. As expected from the model, the shielding effectiveness increases at frequencies near 1.4 GHz, and then, there is a decrease, which is consistent with the graph in Fig. 2 since the peak of permittivity and the negative values of permittivity are observed around these frequencies. Figure 9 shows the shielding effectiveness at a frequency range of 1000 to 1500 MHz for the metamaterial with a different numbers of rows of wires. It can be seen that, as the shielding theory points out, as the numbers of rows of wires increase, namely, as the wall thickness of the material increases, the shielding effectiveness increases as well.
RESULTS
In Fig. 10 , the effectiveness of a metamaterial subjected to an electromagnetic plane wave with electric field polarized in y-direction, that is to say in a horizontal direction, perpendicular to the wires axis. Fig. 10(a) shows the band of frequencies ranging from 450-900 MHz, and Fig. 10(b) the band of frequencies ranging from 800-3800 MHz. At both frequency bands, the effectiveness was found to be practically null. This shows that a plane wave normally incident to the wires axis would not be affected by the conductors presence and would simply see a screen with the same relative permittivity of free space [13, 16] .
The test measurements were also made with 2 loops antennas placed on the sides of the metamaterial and connected to the vector network analyzer, but the sensitivity of the system was poor and the noise significant; therefore, the results of those measurements will not be shared here.
CONCLUSIONS
In this work, a wire screen metamaterial has been built, a simulation has been performed of the electric permittivity of a material made up of a periodic structure, defined by a unit cell, consisting of an array of bronze rods placed between two dielectric planes as a function of frequency. These materials known as metamaterials have an effective homogeneous structure impossible to achieve with natural materials, such as negative values for both magnetic permeability and electric permittivity.
A structure with a resonance frequency around 1.4 GHz was chosen for its subsequent construction. This material was fabricated with four rows of 5 bronze conducting wires each. Experimental measurements were made on the shielding effectiveness of this material when subjected to a plane electromagnetic wave with the electric field polarized along the conducting wires direction, and, conversely, with the electric field polarized perpendicular to the wires at a frequency range of 1000 MHz to 3000 MHz; non-zero values of shielding effectiveness were observed in the first polarization and zero values in the second.
It was found that this metamaterial's effectiveness is between 10 and 20 decibels, reaching a maximum value at frequencies near 1.4 GHz. As predicted from the model, the shielding effectiveness increases at frequencies of around 1.4 GHz, and then, there is a decrease, which is consistent with the proposed permittivity model, since high values of permittivity are observed at around those frequencies, and negative values of permittivity at slightly higher frequencies.
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APPENDIX A. CALCULATION OF THE INDUCTANCE PER UNIT LENGTH IN THE SPACE BETWEEN CONDUCTORS
The inductance per unit length inside the metamaterial is calculated due to the magnetic field flux in the space between conductors, see 
where Ψ is the magnetic field flux per unit length, given by: Figure A1 . Picture of the WSM cell for the calculation of the inductance of the system.
Taking into account that, due to the symmetry of the problem, the magnetic field is zero at the middle points between conductors, and the main contribution to the flux comes from the area near the conductors. We are led to the following estimation for two neighboring conductors:
The first term is the quasi-static field generated by the conductor at x = 0, and the second term is the field generated by the neighboring conductor, which is included so that the total field is zero in the center of symmetry. The magnetic flux per unit length obtained is:
Therefore, the inductance is given by:
APPENDIX B. ELECTRIC FIELD IN THE CONDUCTOR. CURRENT DENSITY. INTERNAL IMPEDANCE
In order to calculate the electric field in the cylindrical conductor, the Maxwell equations are applied:
Doing the calculations for a cylindrical geometry and given the symmetry of the system, we can say that:
Consider that the electric field and external magnetic field applied to the metamaterial and the conductors are given by:
We get the second order differential equation, from which the field E z can be obtained [20] .
where γ is the propagation constant: 
Therefore, the electric field will be:
Similarly, H φ is obtained from Maxwell Equation:
The internal impedance per unit length in the conducting wire is defined as [20] :
where, following Ampere's Law, the total current traveling along the conductor is:
, we obtain the internal impedance in a conducting wire.
Replacing the magnetic field H from Eq. (B9), we obtain:
Replacing γ from Eq. (B6), we obtain:
where I 0 and I 1 are Bessel functions, and σ, and μ are the electric and magnetic properties of the conducting wire. Figure B1 shows the internal impedance of the conducting wire as a function of its radius. 
APPENDIX C. SIMULATION OF THE EFFECTIVE PERMITTIVITY
Simulation of the effective permittivity of the metamaterial as a function of frequency was performed for different conductor radii and cell sizes applying the previous model [16] . Fig. C1 shows the simulation of the effective electric permittivity as a function of the frequency for different radii of the rods considering constant cell size a = 30 mm. It can be seen that as the radius increases the resonance frequency increases.
The effective electric permittivity of the metamaterial was simulated as a function of the frequency for different cell sizes a, considering the constant conductor radius r 0 = 2·10 −3 m. The result is observed in Fig. C2 . It can be seen that as the distance a between rods increases, the resonance frequency of the metamaterial decreases. 
